The flight height of ambulance aircraft during aviation emergency rescue is low. Low-altitude wind fields and complex terrains may threaten the flight safety of rescue aircraft and thus limit rescue efficiency. The path planning of ambulance aircraft with consideration of low-altitude wind fields and terrains was presented in this study. First, a new wind field interpolation method was proposed to address the shortages of traditional reverse-distance wind field interpolation methods that neglect the effects of mountain slopes on wind vectors. This new interpolation method comprehensively considers the effects of terrain elevation, topographical slope, underlying surface roughness, and distance on wind vectors. The wind field interpolation results could accurately reflect the influence of topographic slopes on wind vectors and were close to practical results. Second, the effects of wind fields of different wind directions on flight paths were analyzed in view of the effects of low-altitude wind fields and restrictions of terrain obstacles. On the basis of the results, a method for correcting corresponding path nodes given aircraft performance constraints was proposed to ensure path safety. The connection matrix was solved by combining the A * algorithm and a 3D meshing technique. The safe path planning method for low-altitude rescue was concluded by combining a path-solving algorithm and the correction method for path nodes. Finally, the topographical features from Wenchuan and Chengdu to Mianyang during the Wenchuan earthquake were simulated with a constructed digital equation model. In the simulation environment, the safety of the path plan of the ambulance aircraft was verified under the influence of low-altitude wind fields.
I. INTRODUCTION
Rescue activities generally cover visual rescue, wounded transport, and delivery of goods. Ambulance aircraft for air rescue fly over large areas at low altitudes, thus requiring the real-time elimination of flight collision [1] . Disasters often occur in complicated topographical mountain areas or remote areas where ground communication and navigation services cannot easily provide effective support to rescuing aircraft and cover low-altitude rescue areas. Low-altitude wind fields and complex topographies can significantly threaten the flight safety of rescuing aircraft and thereby greatly reduce rescue efficiency. Safe path planning with consideration of the influence of low-altitude winds and terrains is important in ensuring the flight safety of rescue aircraft. Such task can
The associate editor coordinating the review of this manuscript and approving it for publication was Huaqing Li. reduce the possibility of flight touchdown or collision with obstacles and increase rescue efficiency.
Existing research on path planning mainly focuses on the following three aspects.
Path planning methods based on grids. Grid-based algorithms include A * , D * , Dijkstra and dynamic planning algorithms. Path planning methods based on grids generally execute 3D path planning by using the above mentioned algorithms on the basis of 3D spatial gridding. The produced paths can overcome various constraints, including low flight altitude, maximum turning angle, and maximum climbing/gliding angle. Accordingly, flight collision can be avoided. Bazhenov et al. [2] proposed an algorithm to produce conflict-free paths from the current aircraft position to a preset point of path change to solve the collision between aircraft and terrains. This algorithm provides the terrains from a preset point of path change to a safe high-altitude region in VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ front of the aircraft at the time of arrival. Another proposed algorithm calculates aircraft speed along such conflict-free paths. Li et al. [3] proposed a model to plan a universal path for an unmanned aerial vehicle in a known indoor environment. This model maintains a certain distance between planned paths and obstacles. However, planned paths may not always be short ones for a low-altitude rescue environment; thus, rescue efficiency is neglected. Path planning methods based on artificial intelligence. These path planning methods apply modern artificial intelligence algorithms to obstacle avoidance in path planning. The major algorithms involved in these path planning methods include heuristic search [4] , genetic algorithm [5] , intelligent self-organized algorithm [6] , Auction algorithm [7] , globally convergent algorithm [8] , machine learning [9] , [10] , and particle swarm optimization [11] . Wang et al. [4] proposed a real-time mixed long-distance path planning method that can avoid threats. This method searches the shortest path while considering a series of cost factors and constraints. Hence, computing resources and time cost are reduced. However, this approach is only a real-time dynamic planning method and cannot be used as a preplanning method because it only detects threats in a limited distance ahead of a path [12] . To address the speed control of onboard path safety systems and the failure of other aircraft to realize separation standards, Kulida and Lebedev [5] proposed a genetic algorithm for lowaltitude flight path planning with consideration of complex terrains and fixed lengths. In the study, this algorithm was used to introduce simulation paths in mountain areas close to the Jericho Airport. Chen et al. [11] proposed a path planning method based on the Dubins curve and particle swarm algorithm. However, this method requires a dimension reduction in 3D spatial path planning in low-altitude rescue. Such requirement would cause a significant loss in solving for the algorithm and decrease the possibility of obtaining the shortest path. Li et al. [13] proposed an improved probabilistic roadmap (PRM) method to achieve trajectory planning for penetration unmanned aerial vehicle (UAVs). This method considers terrain obstacles and threats. First, the roadmap is constructed by improving the traditional sampling method. Second, the A * algorithm is used to search the trajectory, and the dynamic constraints of the drone are incorporated to ensure the scientific feasibility of the trajectory. Azadeh et al. [14] presented a route optimization algorithm for light aircraft operating under visual flight rules. The problem aims at finding a minimum-duration, collision-free route in three spatial dimensions with possible aircraft maneuvers. The method takes into account the aircraft kinodynamic characteristics and its interaction with external wind. Lu et al. [15] investigated the feasible sky-lanes for light-sport aircraft by minimize the impact to populated area and the threats from terrain obstacles to the aircraft. The terrain obstacles and populated area is considered and segmented in the 2D structure through the graph theory.
Path planning methods based on graphs. Algorithms based on graphs mainly include the Voronoi graph, general view, subgoal network, and random path map algorithms. Path planning methods based on graphs can realize path planning under the constraints of different flight strategies and thereby determine the global shortest path. Aleshin et al. [16] proposed a method that integrates aircraft flight prediction, potential collision detection, and evaluation of feasible collision solutions. However, this method emphasizes the local adjustment of the original planned path and ignores global searching for other potential paths. Pan and Chen [17] showed feasible routes set with protected airspace can be obtained by using image processing and image morphology technique, then heuristic path searching A * algorithm can be used to find the shortest route. Liao et al. [18] proposed a decomposition based hierarchical online motion planning method for 3D motion planning of UAVs in obstacle-rich forest environment; a closed-loop 3D path planning based on the A * search algorithm was used to generate a collision-free path, and a 3D online trajectory generation based on maneuver automaton methods was performed to generate a collisionfree reference trajectory. For the problem of adaptive ocean sampling, Xiong et al. [19] proposed a multiple autonomous marine vehicle path planning technology for Voronoi-based ant colony optimization to address the adaptive ocean sampling problem. This technology first combines Voronoi partition and tournament selection to make the research area scientific. With the help of an improved heuristic method, an ant colony optimization method is introduced to find a conflict-free shortest path for multiple autonomous vehicles and thereby complete the efficient collection of marine measurements. However, meteorological radar and communication support services cannot easily cover low-altitude air rescue areas with complicated terrains.
Low-altitude aviation rescue is characterized by low flight altitude, great influences of wind factors [20] , [21] , level restraints of activity space and range, and complex terrains. Existing related studies mainly focused on the avoidance of flight threats, terrain tracking path planning, and real-time collision detection and relief. The applied method and considered scenario factors cannot highlight the characteristics of low-altitude aviation rescue activities. In a real low-altitude aviation rescue environment, the terrain environment can significantly influence the flight path of the rescue aircraft. Lowaltitude wind fields may affect the flight safety of aircraft; for example, they may cause the aircraft to steer off course.
For the interpolation of wind speed, Zhang et al. [22] built a space hexahedral interpolation model and calculated the wind speed and direction of unknown points on the basis of the wind speed and direction of known points. This method can reflect the relationship between altitude and wind speed. However, the method ignores the influence of topography on wind speed and direction. The commonly used wind field estimation method is the inverse distance weighting method, which mainly considers the distance between the observation points and the unknown points. Delahaye et al. [21] proposed a method to predict real-time wind fields by using radar data and spline interpolation. The accuracy of this method depends on the number of aircraft installed with wind sensors. Such method is unsuitable for a low-altitude rescue environment due to the low radar coverage in a low-altitude environment and the difficulty of weather services to provide support and guarantee for rescue aircraft.
In view of the above-mentioned reasons, the current work aims to achieve safe path planning for ambulance aircraft in low altitude areas with consideration of the influences of low-altitude wind and topography. Accordingly, a lowaltitude wind prediction model was constructed. A fitting function was obtained by analyzing wind laws on mountain areas with different slopes. Wind field interpolation was proposed through an improved reverse-distance interpolation method, which considers the influences of distance, mountain slope, and elevation on wind vectors. In contrast to previous low-altitude path planning techniques, a safe path planning method for aircraft that considers topographical slopes and predicted low-altitude winds in mountain areas was proposed. As for selection of the aircraft path search method, we considered the undulating complex terrain of the target scenario. The possible presence of narrow ridge zones in this scenario will reduce the number of feasible nodes to a certain extent. The PRM method requires as many nodes as possible to ensure the effectiveness of the search path. For the shortest path problem in the solution space, the most suitable method to use is the A * algorithm. Such method has few limitations and can guarantee the complexity and time consumption of the calculation. Therefore, the A * algorithm was used in this work as the basic method for track search. The main improvements of this work are as follows.
• Traditional reverse-distance wind field interpolation methods overlook the influences of mountain slopes on wind vectors. This study proposed a new wind field interpolation method to analyze the variation laws of wind vectors with mountain slopes. The interpolation results could efficiently reflect the influence of mountain slopes on wind vectors and are thus close to practical results. The experimental results indicate that the proposed wind field interpolation method reduces the wind speed prediction error by 13.37% to the maximum extent and by 2.74% on average.
• The influence of wind fields of different wind directions on aircraft paths was analyzed. To eliminate the influence of low-altitude wind fields and topographical obstacles, this study proposed a corresponding path node correction method that considers aircraft performance constraints to ensure the safety of planned paths. An A * algorithm was formed by combining the A * algorithm and a 3D meshing method. An shortest path in a 3D terrain obstacle space that cannot be identified by a 2D plane algorithm was determined by solving and optimizing the connection matrix of the A * algorithm. The lowaltitude safety path planning method for aviation rescue was finally established by combining the path-solving algorithm and path node correction method. The safety of the proposed path planning method was verified by a contrast analysis of cases.
• The topographical features from Wenchuan and Chengdu to Mianyang during the Wenchuan earthquake were simulated by a constructed digital equation model. In the simulation environment, the safety of the path plan of the ambulance aircraft under the influence of lowaltitude wind fields was verified.
The remainder of this paper is organized as follows. Section 2 introduces the improved low-altitude wind field interpolation method, which considers the influences of the differences in elevation, slope, distance, and ground roughness on wind vectors. Section 3 describes the development of the path correction method under the influence of lowaltitude winds. The corrected planned path is also determined by combining 3D spatial gridding and the A * algorithm. Section 4 discusses the simulation of topographical features by using a digital equation. In this section, the feasibility of the proposed path correction method is verified by the topography from Chengdu to Mianyang during the Wenchuan earthquake. Section 5 presents the conclusions and prospects.
II. CONSTRUCTION OF LOW-ALTITUDE WIND PREDICTION MODEL
In this section, we propose a new wind field interpolation method to address the shortages of traditional reversedistance wind field interpolation methods that neglect the effects of mountain slopes on wind vectors. The wind field interpolation results could accurately reflect the influence of topographical slopes on wind vectors and were close to practical results.
The method proposed in this work is aimed at analyzing the law of wind vectors in a specific mountain area. Hence, the fitting conclusion is only applicable to the target area in this study. Other cases may require the same data collection and processing work as those used in this study.
A. EXISTING WIND FIELD INTERPOLATION METHOD
Changes in elevation based on the reverse distance weighting approach [23] , [24] are introduced to this method to construct a new weight function. The weight function is as follows:
where w is the weight function, r is the distance between two points, h is the difference in elevation between two points, and a and b are indexes of r and h, respectively. The distance between two points is small. According to the relative position between the measuring point and the observation point in the wind field, Eq. (1) can be divided into four situations:
(1) the two points are close to each other, and the terrain is relatively flat; (2) the two points are far away, and the terrain is relatively flat; (3) the two points are close to each other, and the terrain greatly changes; and (4) the two points are far away, and the terrain greatly changes.
The analytical result indicates that the wind speed and direction at the two points are unlikely to change in a relatively flat terrain as the distance between these two points decreases; therefore, the two points show a high correlation. Given the fixed distance between the two points, the possibility of wind speeds and direction being different between the two points is positively related to terrain changes; therefore, a low correlation exists between the two points. In the four aforementioned scenarios, the correlation between the observation points and the measuring points successively decreases. The distance and terrain change factors of the weight function must be dimensionless to achieve a convenient comparison of weight coefficients under the second and third situations.
where r max and h max are the maximum r and h, respectively. Expression a<b must be met to ensure that the weight under the third situation is smaller than that under the second one. In the reverse distance weighting method, a is generally 2. Therefore, b only needs to be 3 to meet the requirement [24] , [25] . The above-mentioned analytical result shows that this weight function mainly considers the influences of distance and the absolute difference in elevation between two points on wind vectors. In practice, mountain slopes represent another important factor that influences wind speed changes. This factor is not reflected in Eq. (2) . In this study, the ratio of vertical height and horizontal distance was defined as the slope gradient. On the basis of a literature review [23] , [25] , [26] , the effects of mountain slopes on wind speed were summarized. When the mountain slope gradient was 0.2-0.65, the slope was viewed as a gentle one. In this case, the wind speed gradually increased from the mountain foot along the slope and reached the maximum at the mountain top. The maximum wind speed was approximately twice that of the wind speed at the mountain foot. When the mountain slope gradient was 0.65-0.75, the slope was viewed as a steep one. The wind speed gradually increased from the mountain foot along the slope and reached the maximum at the mountain top. The maximum wind speed was 1.8 times higher than that at the mountain foot. However, the relationships among wind speed, mountain slope gradient, and slope height must be further discussed to improve the interpolation method with consideration of the effects of slope on wind speed.
B. ANALYSIS OF WIND VECTOR LAW BASED ON MOUNTAIN SLOPES
According to the research method in the literature [23] , [24] , the relationship between different mountain slope gradients and wind vectors was analyzed by collecting the wind vector data near Wenchuan. In the present study, the wind vector data from the Wenchuan Weather Tower [27] were collected. The recorded wind vector was distributed on gentle and steep slopes. The gradients of the gentle and steep slopes were 0.3/0.4/0.5/0.65 and 0.8/1/1.2/1.5, respectively. The wind speed at the slope bottom of the wind vector on the gentle slope was basically between 14 and 17 m/s. Moreover, the wind speed at the slope bottom of the wind vector on the steep slope generally ranged between 26 and 30 m/s. For the convenience of discussion, wind speed at the slope bottom is referred to as the entrance wind speed in this work. Observations indicated that the entrance wind speed of the gentle slope was considerably lower than that of the steep slope. This finding is related to the relatively flat terrain near the gentle slope and the ragged complex terrain at the steep slope. According to the Bernoulli principle, a narrow steep terrain easily forms ''cross ventilation'', which is the major cause of different entrance wind speeds between gentle and steep slopes [25] . Nevertheless, the differences in entrance wind speeds slightly influence the succeeding analytical results because key attention was paid to the variation trends of wind speeds on slopes. The variation of wind vectors with the heights of different slopes is introduced in the following text. Figure 1 shows the variations of wind speed with the height of a gentle slope. On a gentle slope, the entrance wind speed presented a linear growth at a slope height below 150 m. The wind speed was basically maintained at a stable level within a height range of 150-550 m. Thereafter, the wind speed showed a linear decrease when the slope height was higher than 550 m. The wind speed of the blue curve representing the slope gradient of 0.3 was maintained at approximately 20.3 m/s because no eddy or turbulence phenomena were formed by the wind vector near the peak of the gentle slope. The differently colored solid lines in Figure 1 correspond to the variation trends of wind speed with slope heights. The black dotted line is the curve fitted according to the collected wind data. The fitting function is
where a 1 = 47.53, b 1 = 0.007575, c 1 = −1.14, a 2 = 49.3, b 2 = 0.01263, c 2 = 0.1726, a 3 = 22.4, b 3 = 0.01541, and c 3 = 2.298. The determination coefficient of this fitting function was R 2 = 0.9849. A determination coefficient close to 1 reflects a good fitting effect. The sum variance was SSE = 0.2809, and the root mean square error was RMSE = 0.3748, thereby indicating a generally low error. Figure 2 shows the variations of wind speed with the height of a steep slope. The entrance wind speed when the slope gradient was 0.8 considerably differed from that of the other three dotted lines because of the differences in the surrounding terrains. However, such difference was irrelevant to the contrast analysis of wind speed changes. When the slope gradient was 0.8, the wind speed showed a linear growth from the slope bottom to a height of 150 m. Such value started to slowly decrease and remained stable at approximately 20 m/s within the height range of 150-550 m. The wind speed presented a linear decreasing trend when the slope height was higher than 550 m. The wind vector presented a linear decreasing trend within the height range of 100-200 m under all three slope gradients. The other variation trends were basically consistent with those when the slope gradient was 0.8. The black solid line is the fitting curve based on the collected wind data. The fitting function is (4) where d 1 = 139.8, e 1 = 0.00383, f 1 = 1.448, d 2 = 125.7, e 2 = 0.006422, f 2 = 3.735, d 3 = 28.76, e 3 = 0.009827, and f 3 = 5.668. The determination coefficient of this fitting function was R 2 = 0.9849. A determination coefficient closer to 1 reflects a good fitting effect. The sum variance was SSE = 0.2809, and the root mean square error was RMSE = 0.3748, indicating a generally low error.
Two fitting functions (Eqs. [3] and [4] ) were obtained by identifying the relationship between slope gradient and wind speed. Both functions could approximately express the variation trends of wind vectors on flat and steep terrains according to height. These functions can be applied to the wind vector interpolation model. Therefore, such model can simultaneously reflect the influences of slope gradient, elevation, and distance between two points on wind speed.
C. IMPROVED WIND FIELD INTERPOLATION METHOD CONSIDERING TERRAIN FACTORS
A wind field interpolation method based on slope gradients was developed with consideration of the changes in wind fields with slope gradients.
The reference (j) and measuring (i) points of the wind vector were determined. The terrain base level and its elevation were set.
The slope gradient containing each measuring point was calculated. The slope gradient was determined by the height (H i ) of the measuring point i and the horizontal distance (L i ) between the measuring point and the reference point on the major wind direction. The reference point refers to the intersection point between the extending profile at the slope bottom and the extending line of the prevailing wind direction.
1) CALCULATION OF NEAR-GROUND WIND SPEED
If the slope gradient containing the measuring point was smaller than 0.2, then the slope was viewed as a flat area [24] , and the wind vector was directly calculated via reversedistance weight interpolation. The weight function eliminated the elevation factor based on Eq. (3), and the power index of distance factor was a = 2. After the weight function was determined, it was substituted into the formula for wind field interpolation.
where U cal i and V cal i are the calculated results of the horizontal wind components at the measuring point, U obs j and V obs j are the recorded results of the horizontal wind components at the observation point, U is the east-west wind component, V is the south-north wind component, W j is the weight of each observation point j, and n is the total number of observation points.
If the slope gradient containing the measuring point was higher than 0.2 and lower than 0.65, then the slope was viewed as a gentle one. By contrast, if the slope was higher than 0.65, then it was viewed as a steep one [24] . The wind speed at the mountain foot was first calculated via the reversedistance weight interpolation method to calculate the wind vector in a gentle or steep slope. Subsequently, the wind speed on slopes was calculated by the corresponding fitting functions. The fitting functions are shown in Eqs. (3) and (4). The height of the practical measuring point on the slopes corresponded to the relative height in the fitting functions. The results of the fitting functions required the corresponding interpolation correction. The plus-minus sign of the final wind vector conformed to that of the wind vector at the reference point. The detailed operation is introduced in the follow-up demonstration.
2) CALCULATION OF LOW-ALTITUDE WIND SPEED
After the near-ground wind speed was calculated, the lowaltitude wind speed had to be computed. The variation of wind speed with altitude generally conformed to the exponential law formula [28] . In this study, the low-altitude wind speed at different heights was estimated by the following exponential law formula:
where U i and U j are the wind speeds at the heights of Z i and Z j , respectively; and m is the shearing coefficient of wind speed with height. The shearing coefficient at the measuring point was determined by surface situations. The improved wind field interpolation method combines the traditional reverse-distance interpolation method and the fitting function based on slope gradients. This improved method considers the influence of the differences in elevation, slope, distance, and surface roughness on wind vectors.
III. PATH CORRECTION METHOD UNDER THE INFLUENCE OF LOW-ALTITUDE WIND
The wind field data for a rescue region can be acquired using the prediction model, and the initial track can be obtained with the A * algorithm combined with a 3D grid. This approach can satisfy aircraft performance requirements. The influence of the wind field on complex terrains on a track should be considered. An aircraft track correction model under the effects of three different wind vectors of aircraft in the vertical and horizontal directions can then be established.
A. PATH CORRECTION UNDER VERTICAL WIND CONDITIONS AND TRACK CORRECTION MODEL UNDER THE EFFECT OF VERTICAL WIND VECTOR
The vertical wind vector is mainly divided into updraft and downdraft. When the aircraft is in the climbing or descending phase, the vertical wind affects the aircraft's climbing or descent rate and thus changes the climb/slip angle. If the aircraft is influenced by a downdraft, then the requirement for the minimum safety flight height should be satisfied. The correction models for aircraft tracks in various phases in updraft and downdraft environments are established in this work. Table 1 presents the related symbols and definitions. The assumption is that the aircraft is influenced by the updraft with velocity V r . Figure 4 illustrates the track correction that should be conducted in the windward direction of the updraft considering this assumption. Assume that the aircraft climbs from track node S to A at a climbing velocity of V cn during the climbing phase without updraft. The required climbing time is as follows:
1) TRACK CORRECTION UNDER THE UPDRAFT EFFECT
When the aircraft is influenced by the updraft of the vertical wind velocity V r , the generated offset can be obtained as follows:
Hence, the correction of the aircraft is H cr , and the corrected height of the track point is
Given that the height point is lower than the original track height point, the minimum safety height requirement should be satisfied. The climbing angle of the corrected track should satisfy the following conditions:
The calculation models of the climbing angle of the corrected track and height constraint are as follows:
The calculation models of the climbing/pitch angle and height constraint of the corrected track when the aircraft is influenced by updraft during the level flight and descending phases can also be obtained. The corrected track angle of the aircraft in both phases is greater than the angle of the planned track. However, the conditional constraints of the maximum climbing/pitch angle of the aircraft should be satisfied during the modeling process. The final models can be expressed as VOLUME 8, 2020 follows:
2) TRACK CORRECTION UNDER THE DOWNDRAFT EFFECT Figure 6 shows the corresponding track correction in the windward direction of the downdraft. The derivations are not elaborated herein because the track correction method of the downdraft is similar to that of the updraft. The models of the satisfied climbing/pitch angle and height constraints of the corrected path during various phases are as follows.
Track correction model during the climbing phase:
Track correction model during the level flight phase:
Track correction model during the descending phase:
B. TRACK CORRECTION MODEL UNDER THE EFFECT OF HORIZONTAL WIND VECTOR
The wind vector along the horizontal direction can be divided into horizontal crosswind and horizontal tailwind and headwind. Table 2 illustrates the related symbols and definitions.
1) HORIZONTAL CROSSWIND
When the aircraft moves in a crosswind environment, the actual track deviates toward the downwind direction of the planned track to change the track. The maximum deflection angle of the aircraft should be satisfied when the track is corrected. This section discusses the developed correction model of the aircraft track under the horizontal crosswind effect according to the triangle of flight velocities (Figure 7) . The aircraft track deviates from planned node B to B under the horizontal crosswind effect. The track offset under the crosswind effect can be expressed by assuming that the offset is S given by
The corresponding offset of the track node toward the windward of the planned track should be corrected according to a certain track deflection angle to ensure that the aircraft flies according to the original track. The track deflection angle of the corrected track should satisfy the following equation:
2) HORIZONTAL TAILWIND AND HEADWIND
When the aircraft moves in the horizontal tailwind and headwind, only the ground velocity changes and not the track direction. The required time for the aircraft to reach the next node changes, thereby influencing the rescue efficiency. If the aircraft moves from the current node at the level flight velocity of V TAS and is influenced by wind velocity V wind , which is positive in the same motion direction of the aircraft and negative in the reverse motion direction, then the actual flight velocity of the aircraft under the horizontal tailwind and headwind effect can be expressed as follows:
The time required to arrive at the next adjacent node can be obtained as follows:
C. PATH CORRECTION UNDER LEVEL CROSSWIND CONDITIONS AND TRACK CORRECTION METHOD BASED ON A * ALGORITHM Figure 8 shows the detailed process of the A * track search algorithm. In this study, the A * algorithm searches for the corrected track that satisfies the requirements. Thus, the following data chain lists should be established to track and save the node data: Openlist, which saves the track nodes to be checked; and Closelist, which saves the track nodes that do not need to be rechecked. step 1 Initialize the nodes. step 2 Determine the initial and target nodes. step 3 Search for the initial track node. step 4 Backtrack the nodes to form a channel and initial track. step 5 Introduce low-level wind for track correction.
Step 1: Initialize the nodes and the 3D grid central points of the airspace division in the form of 3D arrays. Thereafter, obtain the coordinates of each node, and label the node with flag as follows:
where X and Y are the x-and y-coordinates of the nodes, respectively; Z is the node height; V means that the node is passable; UV means that the node is impassable; IO means that the node is in the Openlist; IC means that the node is in the Closelist; NP means current traversal node; and P denotes the parent node.
Step 2: Determine the starting track node S and target track node T . Calculate the cost of each node. The cost function is as follows:
where f (x) is the track cost, g(x) is the actual value from the node to starting point S, and h(x) is the heuristic value from the node to end point T .
Step 3: Search for the track node.
x Add starting track point S to Openlist, and set Closelist as empty.
y Assess if the Openlist is empty. If yes, the search fails. Otherwise, proceed to z.
z Traverse the Openlist, and take the node with the minimum f as the current node. Transfer the current node into Closelist.
{ Assess if the current node is a node carrying mark T . If yes, search for the path. Otherwise, search the adjacent accessible node NP of the current node.
| Traverse NP. If the mark is UV or IC, then the node is impassable or the search is stopped. Skip the node to traverse the next node or execute the next step. If all peripheral expandable nodes have already been searched, then proceed to .
} Assess if the mark of node NP is IO. If not, place NP in the Openlist, calculate the f value, and set the current node as the parent node P. If NP is already in the Openlist, then execute~.
Assess if the g value of the current node can reach NP as the minimum value. If yes, recalculate the f and g values, set the current node as the parent node P, and execute . If not, then execute .
Determine if all NP are searched. If yes, then go back to y. Otherwise, go back to |.
Step 4: Implement the initial track starting from target track node T and trace back according to parent node P until the initial track node S is searched to form an initial search track.
Step 5: Correct the track.
x Introduce the low-level wind information of the rescue region and determine the vertical (V iv ) and horizontal wind velocities (V ih ) of each node (i = 1, 2, . . . , m) on the entire track. Thereafter, set the mark of the track segment between every two adjacent track nodes on the initial track as l i,i+1 .
y Take the average wind vector of the two adjacent track nodes as the wind velocity of the track segment. Calculate the offset of the track segment in this direction and perform the equivalent correction toward the reverse direction.
z Assess if the corrected track node simultaneously satisfies the constraint conditions of the above-mentioned correction mode. If not, then go back to Step 3. If yes, then execute {.
{ Assess if the track segment is the last segment. If not, then perform iterations using i = i+1 and go back to x. If yes, then modify the track formation.
IV. SIMULATION VERIFICATION OF LOW-ALTITUDE RESCUE PATH PLAN A. TERRAIN SIMULATION BASED ON DIGITAL EQUATION
A rugged terrain not only hinders the flight of aircraft to a certain extent but also greatly influences near-ground wind speed First, a digital equation must be set up to simulate the 2D mountain profile. The common function models include the Gaussian, sine, cosine, and Biel's models [25] . Compared with other models, Biel's model shows slower changes of gradient, which contradict the expression of extensive terrains on a small simulation map. Essentially, the sine and cosine models can obtain a mutual image through the translation of horizontal coordinates. Therefore, the Gaussian (21) and cosine models (22) are applied in the present study. The functional equations of the Gaussian and cosine models are as follows:
When Eq. (21) uses the mean of 2 and the variance of 0, the Y-axis is used as the axis of the symmetry of two images. The curve of Eq. (21) is compared with that of Eq. (22) . The observation result shows that the simulated mountain in the Gaussian model is flatter than that in the cosine model. In the cosine model, the terrain at the mountain foot greatly changes. Therefore, the gentle slope is simulated by the Gaussian model, and the steep slope is simulated by the cosine model in the following text.
In this simulation, the terrains at the borders of Wenchuan with Chengdu and Mianyang, covering a scope of 30 • 45 −31 • 43 N and 102 • 51 −103 • 44 E, are selected. The topographical data originate from the global artificial satellite geodetic surveying website (https://topex.ucsd.edu/marine_topo/mar_topo.html). The terrains at the borders of Wenchuan with Chengdu and Mianyang can be precisely simulated in MATLAB. The x-coordinate is established and gradually increased from west to east. By contrast, the y-coordinate is established and increased from north to south. The origin of the coordinate system is selected at the point that is 130 km away from Mianyang in the east and 210 km away from Chengdu in the south. The longitude and latitude coordinates in Figure 9 are changed to the x-and y-coordinate through interpolation adjustment. The interpolation method uses cubic spline interpolation. Given a fixed data point interval, the curve between every two data nodes can be expressed by a cubic polynomial function. Each node can reach second-order continuity and requires the third derivatives of the first and second positive polynomial functions to be equal. This requirement implies that the expressions of each section of the cubic polynomial function can be calculated to achieve interpolation for any position of the functional curve. The curves are ultimately connected to the terrain surface.
The 
B. LOW-ALTITUDE WIND PREDICTION BASED ON TERRAIN SLOPE
The wind power and direction data in Wenchuan, Chengdu, and Mianyang from May 4 to September 8 in 2017 were collected from the National Meteorological Center of the China Meteorological Administration (www.nmc.cn). Some data were collected from the Weather Observation Station of Yanmen County (www.weather.com.cn), Wenchuan. The result of the statistical analysis indicates that the strongest wind in Wenchuan reaches level 10, and the weakest one is at level 3. The high-frequency second wind is at levels 5-6. Most winds are southeast and northwest winds. Winds during daytime from 10:00 to 18:00 are mainly southeast winds. Winds at night from 21:00 to 02:00 are mainly northwest winds. The strongest wind in Chengdu and Mianyang reaches level 7 in summer and level 9 in autumn. The high-frequency wind is at levels 3-5.
In this simulation, the rescue conditions in the 5.12 Wenchuan earthquake area are selected as the background. We suppose that the wind strength and wind direction in Wenchuan are unknown and that the wind strengths and wind directions at reference points close to Chengdu and Mianyang (J 1 , J 2 and J 3 ) are known. The low-altitude wind strengths and wind directions from points A to E in the mountain area in Wenchuan are predicted. The distance between J 1 and A is 130 km, and that between J 3 and E is 120 km. The distance between the measuring point and the reference point is determined through scale conversion and coordinate position. The red points in Figure 10 are the measuring points of the wind vector. Tables 3 and 4 present the coordinates of the reference and measuring points of the wind vector, respectively.
The level distance between the measuring point and J 1 is R 1, and the difference in elevation is H 1 . Moreover, the level distance between the measuring point and J 2 is R 2, and the difference in elevation is H 2 . Lastly, the level distance between the measuring point and J 2 is R 3, and the difference in elevation is H 3 .
The wind vector at J 2 can be decomposed into the eastwest wind vector U 2 and the south-north wind vector 
The wind speed is 7.71 m/s. The wind vector can be calculated by the proposed wind field interpolation method.
The calculation of wind vector at point A on a gentle slope is taken as an example. The wind vector at the mountain foot is calculated as follows:
The numerical value of the weight is
The wind vector at point A is calculated by the fitting function of a gentle slope. Point A is on top of a gentle slope, which is equal to the relative height (600 m) in the fitting function. Wind speed is equal to the functional value minus the corrected difference. The east-west wind component is minus U H T = |U |, and the south-north wind component is minus V H T = |V |. The calculations of the wind vector at the remaining measuring points are not introduced here. Tables 5 and 6 show the calculation results. The results calculated via the method in [23] are listed in Table 5 , and those calculated via the proposed method are shown in Table 6 .
The wind components should be further integrated into the wind vector according to the triangle principle of flight speed. The wind speed and wind direction of each point are then obtained. The measured wind speed and wind direction at a point are the mean wind speed and wind angle in 10 min recorded by the weather observation station at the point. In Table 7 , wind direction is expressed in angles. The wind vector pointing due north is 0 • , and that due west is 90 • . The wind vector successively increases along the counterclockwise direction. Wind speed 1 and wind direction 1 are the results calculated via the method in [23] . Moreover, wind speed 2 and wind direction 2 are the results calculated via the proposed method.
The error in Table 8 is calculated by
where x and µ are calculated and measured results, respectively. According to the contrast analysis, the wind field interpolation results of the proposed method are generally closer to the measured results compared with the traditional interpolation results. The proposed method achieves a high accuracy in the prediction of wind vector on gentle slopes. However, the wind speed error at point D of the proposed method is large because of the large airflow changes in the valley where point D is located. The proposed and traditional methods show no significant difference in terms of accuracy in predicting the wind direction in the valley. The error of the wind direction at point D is large, thereby indicating the great influence of terrain on changes in wind direction. Narrow valleys and steep terrains can remarkably influence wind direction and thus hinder its prediction. In summary, the prediction error for wind speed of the proposed method is decreased by 0.34% to the minimum extent and 13.37% to the maximum extent (2.74% on average) relative to the method in [23] . The prediction error for wind direction of the proposed method is decreased by 0.22% to the minimum extent, 2.38% to the maximum extent, and 0.52% on average.
After the near-ground wind speed is calculated, the low-altitude wind speed must be computed. The shearing coefficient must be determined to use the exponential law formula. In this simulation, a wasteland or grassland is selected as the underlying surface. Therefore, the shearing coefficient is m = 0.03. The wind components at three reference points must first be interpolated into the altitude layer containing each measuring point.
For example, the wind component at J 1 is interpolated into the altitude layer where point A is located.
The used as the preselected points for the algorithm to solve the flight path. Subsequently, the locations of path nodes can be adjusted according to mountain terrain and low-altitude wind speed. The level length and width of the grid are equal to 35,000 m, and the height is set as 440 m. The level length and width in the map are shrunk according to certain scales to conveniently display the simulation map. The unit ratio between the level distance in the map and the practical level distance is 1:1700. The ratio between the height in the map and the practical height is consistent. Figure 11 show the 3D grid effect.
The red points in Figure 11 are the centers of the grids, and the blue frameworks are the grid edges. The 3D grids can cover the whole rescue region. Here, a rescue task is assumed. In this task, aircraft are sent to places near Mianyang to search and rescue the wounded in the disaster area and then bring them to Chengdu. The aircraft mode is H9, the cruising speed is 250 km/h, and the climbing rate is 7.7 m/s. The rescue distance is shorter than the maximum journey. A rescue path plan for the aircraft is now requested.
Obstacle clearance altitude and lateral safety margin are two standards to measure the flight safety of aircraft. Reference [30] reported that the obstacle clearance altitude and lateral safety margin in rescue operations issued by the Standards Department of the Civil Aviation Administration of China are not explicitly regulated. Therefore, the lowest requirements are selected with reference to cruising operations approved by the Civil Aviation Administration of China. The true flight height and lateral distance during cruising are lower than 50 m and 1.5 times of the rotor wing diameter, respectively. The diameter of the rotor wind of H9 is 11.93 m. The lateral distance should not be shorter than 18 m.
The coordinates of the path nodes, which are calculated by using the A * algorithm, are A-B-C-D-E-F-G-H. The flight distance is 86.74 km, which takes 20.1 min. Figure 12 shows the flight path.
This path is safe under windless conditions, and the aircraft always maintains sufficient safety distance and obstacle clearance altitude. This situation is ideal. In the following text, the wind speed and directions on path nodes are calculated by the low-altitude wind prediction model. Table 9 shows the calculation results.
The wind speed on the path nodes is integrated with the airspeed of the aircraft on this node. The aircraft flies along the planned path under the windless conditions, finally obtaining the trajectory under the influence of low-altitude wind (Figure 13 ).
In Figure 13 , the red line represents the flight path under windless conditions. The blue dotted line is the path under the influence of low-altitude wind. The path nodes on the blue path are A -B -C -D -E -F -G -H . Table 10 presents the offsets of the path nodes.
Two flight sections have heavy potential collision risks on the blue path. The first risk is on the section from nodes B' to D'. A strong lateral wind field is present in the surrounding area; thus, the lateral displacement of the aircraft is increased. Accordingly, the aircraft approaches the mountain top early during the ascent stage. The estimation result indicates that the vertical distance in the nearest position is shorter than 42 m. The aircraft may crash because of operator error or upon the occurrence of a downward airflow.
The second risk is on the section from nodes H' to I'. The original plan provides that the aircraft steers clear of the highaltitude mountain. However, the low-altitude wind prediction model finds that a strong northwest wind field is present in the rescue area. The wind speed gradually increase with the increase in altitude. Thus, the displacement of the aircraft from the original planned path slowly increases. The short vertical distance between the path and the extension of the mountain peak is less than 30 m, thereby showing significant risks.
Considering two heavy potential risks, this study adjusts the flight strategy at the corresponding section. The path offset caused by low-altitude wind should be calculated to adjust similar collisions after path adjustment. In this flight, 10 path nodes develop offsets. The offsets of three path nodes greatly contribute to safety potentials. The corresponding offsets can be calculated (Table 11 ) according to the performance of the aircraft, positions of path nodes, and wind vector on nodes.
Except for these three path nodes, the remaining path nodes are influenced by crosswind. The final arrival positions of the path nodes deviate from the original plan. These offsets are introduced to a new path plan and are corrected. The flight angle of the aircraft can be calculated according to the offset and airspeed of the aircraft on the path node and is used to compute its arrival position. Figure 14 shows the safety path plan and Table 12 illustrates the corrected path nodes and offsets.
The black dotted line in Figure 14 is the corrected path plan, and the path nodes are A -B -C -D -E -F -G -H . The flight distance is 11.99 km longer than that of the original plan; in this case, another 150 s is expected. During the correction process, the path nodes that do not influence the safety of the aircraft are retained, whereas those that influence aircraft safety or might cause great offsets from the final point are corrected. This action can ensure sufficient safety distance for the aircraft during the near-ground flight along the planned safe path even with the influence of lowaltitude wind. The increased flight distance and time cost are 9.3% and 9.9%, respectively. These values are insignificant.
D. CONTRAST ANALYSIS OF PATH PLANNING
The proposed path planning method is compared with the method introduced by Bazhenov et al. [31] to verify the validity of the former. The terrain environment near Wenchuan is also used as the simulation environment. An H9 helicopter is used as the rescue aircraft. Figure 15 presents the lowaltitude rescue paths calculated from the proposed method and Bazhenov's method [31] . Table 13 lists the planned coordinates of the nodes via the method.
The black dotted line in Figure 15 represents the lowaltitude rescue path of the proposed method. The coordinates and other information about the path nodes are omitted here. The carmine solid line is the planned path obtained via Bazhenov's method [31] . Two flight sections have heavy potential collision risks on the path planned according to Bazhenov's method [31] . The vertical distance between such path and the nearest position of the mountain is only 15 m at the first point of potential collision. Moreover, the vertical distance is only 23 m at the second point of potential collision. The potential of the aircraft to crash at these two points is high. This situation is the ideal one without a low-altitude wind field. The risks of the path increase rather than decrease after a low-altitude wind field is introduced. Table 14 shows the comparison of the two path planning methods. The uncorrected path shows the path offset caused by the low-altitude wind field. By contrast, the safe path is the corrected one, which considers the influence of a lowaltitude wind field on path trajectory. Lateral distance is the shortest horizontal distance between the aircraft and the terrain obstacles on the path. If this lateral distance is smaller than 18 m, then the aircraft has a potential safety risk. Vertical distance refers to the shortest vertical distance between the aircraft and the terrain obstacles on the path. If this vertical distance is shorter than 50 m, then the aircraft has a potential safety risk. The specific numerical values when the lateral and vertical distances fail to meet the safe distance are displayed. The uncorrected path of the proposed method and the path of Bazhenov's method [31] have potential safety risks. The path planning method in [31] is mainly realized by a nine-step algorithm. The A * algorithm is also applied as the core algorithm for solving the shortest path. However, the path solving process is limited within the height layer of the aircraft, and the judgment of the obstacle clearance height is delayed to some extent. Therefore, path planning has potential risks.
This work sets two additional disaster sites in Wenchuan to increase the amount of sample data (Figure 16 : disaster sites 1 and 2). The track correction results under the method proposed in this work considering the influence of low-altitude wind are compared and analyzed with the track correction results under the method proposed in the literature. The node coordinates are not repeated, and Table 15 presents the comparison results.
The results of the statistical analysis of the three rescue tracks designed in this work indicate that the safety of each track is greatly improved, with the average distance reduced by 10.8% and the average rescue time reduced by 11.9%. The above-mentioned data verify the superiority and universality of the proposed path planning method.
Although the proposed method applies the algorithm as the core one, it screens passable 3D grids in advance when processing the connected matrix, which is used to form a coordinate matrix and solve the shortest path in this matrix. The difficulties of using a 2D path solving algorithm in the 3D coordinate matrix are overcome. The feasible solution space is fully used, and the possibility of terrain collision in path solving is avoided, thereby ensuring path safety. This model has 11% less total calculation time and 12.3% less total distances compared with the model of [31] . Aircraft safety in the rescue process is ensured. The safety and superiority of the proposed path planning method are reflected as well.
V. CONCLUSION
We combine the traditional inverse distance interpolation method with the slop-based fitting function to improve the interpolation method in terms of wind field. Moreover, we consider the influence of the differences in terrain elevation, slope, distance, and ground roughness on wind vectors. By doing so, we can improve the numerical prediction accuracy of wind fields. In the improvement of the track correction method, this study considers the aircraft performance constraint to build a track under the influence of the low-level wind correction model, and then improve the A * algorithm. The simulation experiment proves that the proposed method is superior to others in terms of improving flight safety, shortening the flight range, and reducing the rescue time.
The proposed wind field interpolation method can more accurately predict wind fields on gentle slopes compared with traditional methods. However, the precision of wind fields for complex narrow valleys and other steep terrains needs to be improved. In the future, the wind field simulation method can be considered to calculate the wind field of an arbitrary point in a target area. In low-altitude path planning, future studies should consider other meteorological factors, such as the impact of cloud bottom height. Flight visibility can also be considered to classify unrestricted flight airspace in a target area. In addition, the influence of low-altitude wind on the flight state of aircraft should be further analyzed to propose comprehensive and accurate low-altitude rescue path planning methods on basis of aerodynamics and aircraft performance.
